Spinach leaf discs accumulated betaine when exposed to a mannitol solution of -20 bars. The accumulation was 12 micromoles per gram original fresh weight in a 24-hour period.
Higher plants accumulate large amounts of organic solutes inside their cells in response to water, salt, or cold stress (24, 7-9, 10, 12, [16] [17] [18] 21) . Depending on the species, most stressed plants accumulate proline and/or the quaternary ammonium compound, betaine. These compounds may be either nontoxic osmotica that effectively reduce the water potentiaL components generated due to a pathological consequence of stress, or products of ammonia detoxification (24, 7, [16] [17] [18] 21) . Irrespective of the metabolic role of these compounds, their accumulation in large amounts (sometimes accounting for 10-30%o of the total cellular nitrogen)
can be a severe drain on the available nitrogen and, thus, be crucial to the nitrogen economy of the plants.
Whereas the enzymes responsible for the metabolism of proline have been studied fairly extensively (reviews 16, 19) , little is known about those responsible for the metabolism of betaine. 1 This work was supported by National Science Foundation Grant PCM Based on the studies with mammalian systems (6, 15, 20) and on the in vivo feeding of radioactive precursors to green leaves (1, 5, 9, 10) , it is known that betaine is synthesized successively from glycine, serine, ethanolamine, monomethylethanolamine, dimethylethanolamine, choline, and betaine aldehyde.
The current paper describes the partial purification and properties of betaine-aldehyde dehydrogenase (EC 1.2.1.8) from spinach leaves. This enzyme catalyzes the final reaction in the metabolic pathway of betaine synthesis.
MATERIALS AND METHODS Plant Materials. Spinach (Spinacia oleracea L.) leaves were obtained from a local market. For water stress studies, leaf discs 1.7 cm in diameter were cut with a cork borer and allowed to float on mannitol solutions of different concentrations in Petri dishes. The Petri dishes were placed in an environmental chamber with continuous illumination under white fluorescent lamps (intensity, 9.6 x I03 erg cm-2 s-1) at 27 C. At 6-h intervals, the discs were removed, blotted dry, frozen in liquid N2, and stored in a freezer until assayed.
Enzyme Preparation. All operations were performed at 4 C. The leaves were first chopped into small pieces with an onion chopper in a grinding medium (1 g/2 ml) containing 0.15 M Tricine-NaOH buffer (pH 8.0), 2 mm DTT, and 0.6 M sucrose; and subsequently ground gently with a mortar and pestle. This procedure did minimal damage to the organelles (11) . The homogenate was filtered through four layers of cheesecloth and centrifuged at l,000g for 10 min. The supernatant fraction was recentrifuged at 10,000g for 30 min, and the resulting supernatant fraction was used for enzyme purification. The supernatant fraction from 200 g of leaves was brought to 60o (NH4)2SO4 (w/v, 36.1 g in 100 ml) with solid (NH4)2SO4 and centrifuged at 10,000g for 10 min. The supernatant was adjusted to 70% (NH4)2SO4 and recentrifuged at 10,000g for 30 min. The precipitate was resuspended in 22 ml of 10 mm K-phosphate (pH 7.5), containing 10 mM ,-mercaptoethanol and 10%1o (v/v) glycerol. It was applied to a Sephadex G-200 column (3.5 x 8.0 cm) equilibrated with the same buffer. The proteins were eluted with the equilibrating buffer, and the fractions with enzyme activity were pooled. The pooled fractions were applied to a hydroxyapatite column (1.0 x 16 cm) and eluted with 140 ml of a linear gradient of 10 to 140 mM K-phosphate (pH 7.5), containing 10 mm, -mercaptoethanol and 10%1o glycerol. The fractions of peak enzyme activity were pooled.
Assays. Betaine was assayed by the method of Pearce et aL (14) .
Protein was determined by the Bio-Rad assay with BSA (fraction V) as the standard. Betaine-aldehyde dehydrogenase activity was assayed by either a fluorometric or a spectrophotometric method.
In both assay systems, the final 3-ml reaction mixture contained (Table I) . From previous (11, 13) and current experiments (data not shown), it was found that most of the chloroplasts, mitochondria, and peroxisomes sedimented at l,OOOg and l0,OOOg, and some of the ER sedimented at 10 175-fold (Table II) . This partially purified enzyme preparation was used to study the catalytic properties of the enzyme. The enzyme showed maximal activity at pH 8.5 (Fig. 2) . It was relatively specific for betaine aldehvyde as the substrate, with an apparent Km value of 2.08 x 10-M (Fig. 3) (Fig. 4) ; it had a lower activity toward NADP, the V,.. value being one-fourth of that toward NAD and the Km value being 6 .35 x l0-4 M. 3-Acetyl-pyridine adenine dinucleotide could also be used as a coenzyme, but at 0.5 mm, it yielded only 39% of the activity obtained with the same concentration of NAD. The enzyme activity was enhanced by DTT and inhibited strongly by PCMB4 (Table III) . Inhibition by PCMB was partially reversed by the subsequent addition of DTT, and preincubation of the enzyme with DTT could partially protect the enzyme from subsequent inhibition by PCMB. Therefore, one or more sulfliydryl group in the enzyme is essential for activity.
The enzyme activity was inhibited by NaCl at high concentrations; 50o of the activity was lost with 0.5 M NaCl (Fig. 5) . Proline at high concentration was also inhibitory, but the inhibition was less than that with NaCl.
The reaction equilibrium was studied by measuring spectrophotometrically NADH produced or consumed. The reverse reaction, when assayed with the same concentration of 0.5 mm NADH and 0.5 mM betaine, was not detectable, even though our assay system could detect less than 1% of the forward activity. Using betaine at concentrations of 10, 50, and 100 mm, we still were unable to detect the reverse reaction. When the forward reaction was assayed using 0.05 mM NAD and 1.0 mM betaine aldehyde, most of the NAD was converted to NADH (using 2.6 cm2/,umol as the extinction coefficient of NADH). To calculate the equilibrium constant of the reaction, the exact amount of the trace NAD left in the forward reaction has to be known. However, we do not know the exact percentage of active NAD in the Sigma grade III and IV that we used. Nevertheless, the experimental results indicate that 4Abbreviation: PCMB, p-chloromercuribenzoate. Enzyme Activity Before and After Water Stress. After a thorough homogenization of spinach leaves, 36 nmol/min. g fresh weight of betaine-aldehyde dehydrogenase activity was obtained. This activity is sufficient to account for the observed rate of betaine accumulation in vivo (Fig. 1) . We were able to extract 86% of the above activity from leaf discs that had been subjected to water stress treatment for 24 h at -20 bars. Therefore, the enzyme activity did not go through a substantial alteration during the water stress period.
DISCUSSION
Although betaine synthesis and accumulation is very important in the physiology of many higher plants during water, salt, or cold stress (4, 7, 9, 18, 21) , the enzymes of betaine metabolism have never before been studied in detail. The enzymes of betaine metabolism in mammalian tissues have been studied (6, 15, 20) . Whether or not higher plants also possess similar enzymes is unknown. There are a few fundamental differences in the betaine metabolism between mammalian and plant tissues. Mammalian tissues do not accumulate betaine but actively utilize it as a methyl group donor. In higher plants, the stressed tissues accumulate betaine but do not utilize it actively after the stress, and, thus far, little evidence has been presented showing its activity as a methyl group donor.
Betaine-aldehyde dehydrogenase in the current study appears to be the enzyme responsible for betaine synthesis in spinach leaves. It is relatively specific for betaine aldehyde as the substrate. Its activity is high enough to account for the amount of betaine synthesized during water stress, and, furthermore, it remains unchanged during water stress. It is of physiological significance that the reaction which the enzyme catalyzes is strongly in favor of betaine formation. The accumulated betaine in red beet (21) and Suaeda maritima (8) has been shown to localize not in the vacuole but in the cytoplasm. Inasmuch as the enzyme is found in the cytosol, only an equilibrium that is strongly in favor of betaine formation allows such an accumulation of betaine within the same cellular compartment. The finding that the enzyme activity is not enhanced during water stress and that its in vitro activity is not promoted by NaCl or proline suggests that the cellular regulation of betaine accumulation may not occur at the conversion of betaine aldehyde to betaine. However, the possibility of having control by alteration of subcellular compartmentation of the enzyme, substrate, and coenzyme during water stress cannot be ruled The catalytic properties of the spinach enzyme are quite similar to those of the betaine-aldehyde dehydrogenase derived from rat liver (6, 15, 20) . In rat liver, most of the activity is present in the cytosol. A small percentage (3-7%) of the activity is localized in the mitochondria (20) , but this activity belongs to a nonspecific aldehyde dehydrogenase (6) . In spinach leaves, we found the enzyme to be in the cytosol, and we could not detect any activity in the particulate fractions. Even if a few percentage of the activity were present in the mitochondria of spinach leaves, the mitochondrial activity would not be enough to account for the amount of betaine accumulated during water stress. Our calculation is based on the total enzyme activity of 36 nmol/min. g fresh weight at 24 C and the accumulation of 17 nmol/min. g fresh weight ofbetaine at 27 C during the 12-to 24-h period of water stress (Fig. 1) .
It has been proposed that betaine and proline are cytoplasmic osmotica that are synthesized by plant tissues in response to water/ salt stress. Under water/salt stress condition, the betaine content is several-fold higher than the proline content in the tissues. However, the rates of accumulation of proline (12) and betaine' (Fig. 1 ) appear to be approximately the same in spinach. Whereas the accumulated proline is catabolized rapidly after the stress, the accumulated betaine remains unmetabolized in the tissues (3, 9). It is possible that plants accumulate proline to combat the current stress only and betaine to combat the current stress as well as to acclimate the tissue to future stress. If so, betaine can be a very useful osmoticum, especially since, at high concentrations, it is relatively nontoxic to the cells. The drawback is that a large proportion of the valuable cellular nitrogen is locked into betaine.
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